In order to evaluate the stability in long time for the performance of AC-low voltage fuses, this study aimed to measure the changes of the specific resistivity, specific heat and thermal conductivity due to the microstructure-change, using a diffusion couple consisting of the Sn-9Zn fuse element and Cu-connector which are exposed at 443 K for 7.2 ks. The reaction area with the thickness of 5 mm consisting of Sn, Cu and Zn phases, was formed at its interface. The values in their properties were increased due to microstructure-change caused by the diffusion. The equations for the estimation of their values could be represented as a function of temperature. The good stability in long time for the un-melt down performance at 210 A of electric current, was confirmed by three-dimensional voltage and temperature calculations on fuse elements after diffusion.
Introduction
Lead and its alloys or compounds are considered environmental hazards because of lead's toxicity therefore many countries are going to ban their use. 1, 2) Pb-containing solders are being phased out for environmental reasons mentioned above. Despite numerous studies on Pb-free solders in recent years, 2) there are only a limited number of reports on the research and development for high temperature Pb-free alternative solder. High temperature solders have been widely used in various types of applications not only as die-attach solders but also for assembling optical components, automobile circuit boards, circuit modules for step soldering, etc. Needless to say, the practical Pb-Sn alloys used as solders in industries are classified into two groups (Pb-5 mass%Sn and Pb-60 mass%Sn) by their melting temperatures.
The Pb-60Sn alloy has been also used as AC-low voltage fuse elements in electric power line. 3, 4) Due to the worldwide legislative requirements, 5, 6) it is important to develop viable alternative Pb-free alloys for AC-fuse elements used in electric power line. The main requirements for alternative fusible alloys are: 1) Low melting point: The melting points should be comparable to practical Pb-Sn system alloys.
2) Availability: There should be adequate supplies or reserves available of candidate metals. 3) Ability of manufacture: The production of raw materials should not be difficult.
The Sn-9Zn alloy has been investigated in our previous study as a Pb-free alloy for low-voltage fuse elements, except for the points of its performance in a break at high value (3000 A) in electric current, weather proof and wettability on copper. 3, 4, 7) In contrast, since an eutectic point (471 K) of Sn-Zn system alloys is similar to that (456 K) of the practically used Pb-60Sn, it has been also considered by other investigators as a candidate alloy system for a lead-free solder material. 8, 9) The Sn-Zn eutectic system which is basically classified as an anomalous eutectic alloy, has a broken-lamellar type eutectic structure.
10) The faceting lamellas are Zn and the nonfaceting face is the Sn matrix. Under rapid cooling conditions, the lamellar Zn becomes fibrous, 10, 11) which means the sensitivity to solidifying conditions. It is considered that electrical and thermal conductivity of Sn-Zn eutectic system alloys are difficult to be estimated using Maxwell 12) and Landauer 13) models, because those properties are directly influenced by morphology of each phase in them. In our previous study, specific resistivity and thermal conductivity could be estimated as a function of temperature and alloy composition in the compositional ranges classified from the standpoint of continuity or non-continuity of constituent phases such as primary Zn, Sn-solid solution and eutectic in microstructures of Sn-1 to 100Zn alloys. 14) It is important in the shape-design of fuse elements that temperature distributions in the fuse element-connector-electric wire system, are exactly known using the estimated values as the function of temperature and alloy composition, in some conditions evaluating the main requirements 4,7) (period showing melt or un-melt down and temperature increment at fixed current flow conditions) for AC-low voltage fuse elements. It is important for practical application of Sn-Zn alloys as lead-free fuse elements used in electric power line, that their microstructural stability is achieved even after long time use. There is little report for the deterioration of both electrical and thermal properties caused by the microstructural change in the long time use of Sn-Zn alloys.
The present study aimed to measure the changes in values of the specific resistivity, specific hest, thermal conductivity and density caused by the microstructural change, using diffusion couples consisting of fuse elements of Sn-9Zn and connectors of pure Cu which are exposed at high temperature near the melting point, as accelerated atomic diffusion.
Experimental Procedures
2.1 Preparation of Sn-9Zn/Cu diffusion couples and requirement for fuse elements Pure Sn with the purity of 99.9% and pure Zn with the purity 99.9% were weighed according to the nominal composition of the eutectic Sn-9 mass%Zn alloy. They were melted in a graphite crucible in air. Molten metal was held for 1.2 ks at temperature which was 50 K higher than the eutectic temperature of 471 K. Its melt was cast into the cold split-die made of carbon steel with the inner diameter of 15 mm and height of 115 mm.
The schematic illustration showing the assembly of some parts in a fuse box is shown in Fig. 1(a) . The fuse box consisted of a Sn-9Zn fuse element, copper connector, copper sleeve, cover, case and vinyl coated electric copper wire with a diameter of 3.2 mm. 4, 7) The dissimilar connection is achieved between the Sn-9Zn fuse element and Cu connector, which leads to the microstructural change at their interface by atomic diffusion of each element. Therefore, Sn-9Zn/ pure Cu diffusion couples were prepared by vacuum vapor deposition. Used source of Cu had the purity of 99.9%. The Sn-9Zn substrate with the diameter of 13 mm and thickness of 5 mm, was carefully mechanical polished and cleaned with deionized water, for the observation of microstructural change.
For AC-low voltage fuses used in electric power line, one of main requirements is the un-melt down of a fuse element for 3 s at 210 A after current discharge of 72 A. 3, 4) In practical uses, the electrical current near 210 A may be discharged to fuse elements in their long service life. As accelerated diffusion, Sn-9Zn/pure Cu diffusion couples were heattreated at 443 K near the eutectic temperature for 7.2 ks in air.
Measurement of physical properties
The microstructural observation was carried out using an optical microscope. The specific resisitivity ( e ) was simultaneously measured from 293 K to about 420 K by the standard four probe d.c. method in air using a computercontrolled equipment. The size of samples was 1 Â 1 Â 15 mm. The temperature gradient along the length (15 mm) of samples for the measurement of e was about 5 K. The thermal conductivity () was measured from 293 to 420 K using samples with the diameter of 11 mm, under the steadystate condition in air. Density () measurement using a high density liquid was performed by Archimedes' method. The specific heat (c p ) was measured by differential scanning calorimetry in the temperature range from 293 to 463 K at rate of 5 K/min in a nitrogen stream. X-ray diffraction (XRD) analysis employing nickel filtered Cu-K radiation was performed for phase identification. Qualitative analysis was carried out by an electron probe micro analyzer (EPMA) with a wave-length dispersive spectrometer.
Model for electrical and thermal calculations
The assembly of the Sn-9Zn fuse element, copper connector and electric copper wire, and the size of each object used in this calculation are shown in Fig. 1(b) . A three-dimensional Cartesian coordinate system was used in the fuse element-connector-electric wire system. The governing equations are based on Ohm's and Fourier's laws for electrical and thermal analyses, which can be written as following eqs. (1) and (2), respectively,
where c e , E and t represented the capacitance, voltage and time, respectively,
where T and Q represented the temperature and amount of heat generation per 1 sec, respectively. Q is obtained from the e , electrical conductivity, and current density calculated from the potential difference along x, y, z directions. Therefore, Q can be written as following eq. (3),
The finite difference method, FDM, was used to solve the above equations for voltage and temperature as a function of time and position.
The governing equation for boundary mesh points such as the fuse element/connector, was represented by eq. (4), where vol. was the volume of the element, l i was the distance between the mesh point representing the element and its neighboring mesh point in each direction, T i was the temperature of the neighboring mesh point in i direction, A j was the areas facing the boundary, T c À T j was temperature difference of between noted mesh points and air through the interface, h was heat transfer coefficient at the interfaces.
Results and Discussion

Microstructures before and after diffusion
The microstructure of as-cast Sn-9Zn alloy is shown in Fig. 2 . The microstructure showed a typical Sn-Zn eutectic structure with the light contrast Sn-solid solution and the dark contrast Zn phases which were formed alternately. Sn-9Zn is considered to be a two phase material consisting of pure Zn and Sn-solid solution with Zn of less than 1 mass%, and Sn-solid solution phase was continuous one in this alloy.
The cross section of Sn-9Zn/pure Cu diffusion couples is shown in Fig. 3 . Vacuum vapor deposition of Cu was uniformly achieved on Sn-9Zn surface and its deposited layer had the thickness of approximately 20 mm.
For Sn-9Zn/pure Cu diffusion couple after the heat treatment at 443 K for 7.2 ks, Sn and Zn atoms diffused toward the Cu side while Cu atoms diffused toward the Sn-9Zn substrate, compared with the initial origin of its interface, as shown in Fig. 4 . In contrast, in the Sn-9Zn side, the eutectic microstructure (see, Fig. 4(a) ) on the area located remote from the interface, was the same as one before the diffusion (see, Fig. 2 intermetallic compounds are formed after aging at 443 K (same temperature to this study) for 63 ks, which lead to the diffusion controlled mechanism. 16) There is not the formation of any intermetallic compounds at the heat condition in this study. In contrast, in the Sn-9Zn side after diffusion, the XRD profiles obtained from the area located remote from the interface, were the same as ones before diffusion (see, Fig. 5(b) ), which agreed with the same microstructure before and after the diffusion as shown in Figs. 2 and 4(a) .
The change of physical properties on specimens
after diffusion The specific resistivity was measured using diffusion couples before and after heat treatments, at various temperatures of the range of 293-420 K. Figure 6 shows the temperature dependence of e , on samples before and after the diffusion at 443 K for 7.2 ks. As can be seen in the figure, e increased monotonously with increasing temperature, regardless of the heat treatment condition, and e increased by the formation of diffusion area shown in Fig. 4 .
The thermal conductivity was measured using diffusion couples before and after heat treatments, at various temperatures of the range of 293-420 K. Figure 7 shows the temperature dependence of , on samples before and after the heat treatment at 443 K for 7.2 ks. As can be seen in the figure, decreased monotonously with increasing temperature, regardless of the heat treatment condition, and increased by the formation of diffusion area shown in Fig. 4 .
The specific heat was measured using diffusion couples before and after heat treatments, at various temperatures of the range of 293-463 K. Figure 8 shows the temperature dependence of c p , on samples before and after the heat treatment at 443 K for 7.2 ks. As can be seen in the figure, c p increased monotonously with increasing temperature, regardless of the heat treatment condition, and c p increased by the formation of diffusion area shown in Fig. 4 .
The density was measured using diffusion couples before and after heat treatments, at 290-355 K according to Archimedes' principle. Figure 9 shows the temperature dependence of , on samples before and after the heat treatment at 443 K for 7.2 ks. As can be seen in figure, decreased monotonously with increasing temperature, regardless of the heat treatment conditions. There was little change of , even by the formation of diffusion area shown in Fig. 4 .
It is found below the melting point of the Sn-9Zn alloy, that the values of e , , c p and can be generally represented using the equations as the function of the temperature, as listed in Figs. 6-9 . Here, the values of e and change depending on not only volume fraction of Zn and Sn-solid solution phases but also morphologies of both phases in Sn- Zn system alloys. 14) Therefore, it is considered that their same values are shown on both Sn-9Zn parts in diffusion couples before and after the heat treatments, because of same microstructure as shown in Figs. 2, 4, 5 .
The e , , c p and measured at room temperature are also listed in Table 1 , for the Sn-9Zn/Cu before and after diffusion, and pure copper 4) for electric power line. Temperature conductivity () determined by eq. (5), was obtained using values of the , c p and in this study, for evaluation of heat-conduction as one requirement for fuse elements.
The value of the temperature conductivity for the sample after diffusion is 2.5 times larger than that of one before diffusion, which approaches to that of pure copper, and leads to the satisfaction for the requirement of un-melt down for 3 s under the higher fixed value (210 A) of electric current, due to the larger amount of the heat transfer by heat conduction. In contrast, the value in e of the sample after diffusion is 1.2 times, compared with that of the sample before diffusion, which leads to the reject for the requirement of un-melt down due to larger amount of Joule's heat generation. It is found on the basis of on the results of Figs. 6-9, that this result of both heat-generation and heatconduction at room temperature, is same to one obtained from the condition of higher temperatures. The temperatureincrement per unit time at the center of the fuse element, is decided by the balance between the heat generation and heat conduction amount throughout the fuse element-connectorelectric wire system, under 3D heterogeneously heat release in air. Therefore, it can be confirmed by electrical and thermal calculations as mentioned below section 3.3, that the critical time of 3 s for the un-melt down performance at 210 A is satisfied or not on samples after diffusion.
3.3
Temperature simulation under the constant current discharge of 72 and 210 A The voltage and temperature were calculated using eqs. (1) and (2), respectively. The electric current of 72 A was firstly discharged from the edge surface of the copper electric wire to another one, as shown in Fig. 1(b) . The current density on the edge surface of the electric wire was 8.95 A/mm 2 initially at room temperature. For instance, the measured value in the total electrical resistance was 706 m throughout the fuse element-connector-electric wire system having the diameter of 2.5 mm and length of 10 mm in the smaller diameter part of fuse element, as shown in Fig. 1(b) . The electrical and thermal calculations were carried out, considering both diffusion areas with thickness of 5 mm at the interfaces between Sn-9Zn fuse elements and Cu connectors, see Figs. 1, 4(b) . The equations for the estimation of e , , c p and as the function of the temperature listed in Figs. 6-9, were used in the calculations. The time step was 0.0001 s in temperature calculations.
The change in calculated temperature at the center of fuse element with respect to current discharge time at a constant current discharge of 72 and 210 A is shown in Fig. 10 . For AC-low voltage fuses used in electric power line, fuse element with the diameter of 2.5 mm and length of 10 mm in the smaller diameter part was designed for the fuse elementconnector-electric wire system, as shown in Fig. 1(b) . 4) The saturated values in the temperature were shown after the current discharge for 700 s at 72 A in this calculation, although the constant current was discharged via fuse elements for 1 ks in the practical experiments.
4) The constant current of 210 A was discharged via the fuse elementconnector-electric wire system after the current discharge of 72 A for 700 s, in the potential and thermal calculations. The temperature at the center of fuse elements before and after diffusion, reached to the melting temperature after the current discharge time for 18.3 and 14.4 s, respectively, at 210 A, after the current discharge of 72 A for 700 s. The time more than 3 s for the un-melt down requirement at 210 A can be satisfied even on samples after diffusion. However, it is considered in section 3.2 that the achievement of the un-melt down performance becomes to be difficult, on samples after the diffusion because of the heat generation due to larger value in e , as listed in Table 1 . It is found on the temperature simulation that this requirement was satisfied even on the Sn-9Zn element which was microstructural-changed, after diffusion.
The stability for performance of fuse elements in long time is kept even on specimens having the microstructural change at interface Sn-9Zn/Cu which was caused by diffusion under the condition of accelerated heat treatment at 443 K near the eutectic temperature for 7.2 ks. In contrast, long time stability can be evaluated using proposed equations for the estimation of e , , C p and represented as a function of temperature, by computer simulation consisting of three dimensionally electrical and thermal calculations on the basis of Ohm's and Fourier's laws.
Conclusions
(1) For Sn-9Zn/pure Cu diffusion couples after the heat treatment at 443 K for 7.2 ks, the reaction area with the thickness of 5 mm was formed at its interface. The reaction area consisted of three phases of Sn, Cu and Zn.
(2) Specific resistivity, thermal conductivity and specific heat were also increased due to the microstructural change caused by the diffusion. The equations for the estimation of specific resistivity, thermal conductivity, specific heat and density could be represented as a function of temperature. The increase in temperature conductivity and specific resistivity on fuse elements after the diffusion, led to the satisfaction and reject of the un-melt down requirement due to large amount of heat-conduction and -generation, respectively, under the higher fixed value (210 A) of electric current as one of main requirements for fuse elements.
(3) On the basis of electrical and thermal calculations, the temperature at the center of fuse elements before and after diffusion, reached to the melting temperature after the current discharge time of 18.3 and 14.4 s, respectively, at 210 A, after the current discharge of 72 A for 700 s. This result meant the satisfaction for one requirement for AC-low voltage fuses used in electric power line, even for fuse elements after the diffusion.
(4) The stability in long time for the un-melt down performance was kept on fuse elements having the microstructural change at interface Sn-9Zn/Cu which was caused by the diffusion under the condition of the accelerated heat treatment at 443 K for 7.2 ks.
